Abstract-In this paper, a location-based channel estimation algorithm is proposed for massive multi-input multi-output (MI-MO) systems. By utilizing the property of the steering vector, a fast Fourier transform (FFT)-based post-processing is introduced after the conventional pilot-aided channel estimation. Under the condition that different users with the same pilot sequence have non-overlapping angle-of-arrivals (AOAs), the proposed channel estimation algorithm is capable of distinguishing these users effectively. To cooperate with the location-based channel estimation, a pilot assignment algorithm is also proposed to ensure that the users in different cells using the same pilot sequence have different AOAs at base station. The simulation results demonstrate that the proposed scheme can reduce the inter-cell interference caused by the reuse of the pilot sequence and thus improves the overall system performance significantly.
I. INTRODUCTION
Massive multi-input multi-output (MIMO) or large-scale MIMO has been attracting lots of attentions and is regarded as a promising technology for the next generation communication systems. As reported in [1] , [2] , by using large number of antennas at base station (BS) to serve multiple users at the same time/frequency resource, massive MIMO can significantly improve the system performance. With the assumption of asymptotic orthogonality of the channel propagation vector, theoretical analysis [3] shows that compared with the conventional MIMO system, by using simple linear signal processing algorithm, the spectral efficiency as well as the energy efficiency of the massive MIMO are both greatly improved.
As demonstrated by Marzetta [4] , the inter-cell interference (ICI) caused by the reuse of the same pilot group among cells becomes a limited factor for massive MIMO. Since the number of orthogonal pilot sequences is limited by the length of the coherence interval, it is difficult to assign orthogonal pilots to all users in different cells. Thus non-orthogonal pilot sequences have to be applied, and the channel estimation at each BS will be contaminated by the pilots sent from other cells. This pilot contamination effect limits the performance of massive MIMO systems, since unlike noise and intra-cell interference, this ICI will not vanish even when the number of antennas at BS goes to infinity. The current solutions to pilot contamination can be divided into two categories.
The first category is based on the pilot design and pilot allocation. For example, in [5] , a pilot design method for massive MIMO is proposed. By maximizing the signal-tointerference ratio (SIR), a design criterion is introduced. This kind of solutions cannot completely eliminate the ICI caused by the pilot contamination, since the reuse of the same pilot group is still required. The second category includes "smart" signal processing algorithms. As pointed out in [6] , the pilot contamination can be regarded as a shortage of linear processing algorithms and a sub-space based blind channel estimation algorithm is proposed to reduce the ICI. In [7] , a Bayesian estimator is applied to massive MIMO which requires the second-order statics of the channel coefficients.
To further mitigate the ICI, a pilot assignment is also proposed which requires the cooperation between BSs. In [8] , the pilot contamination precoding is proposed and the large-scale fading coefficients of users in different cells are utilized to eliminate the ICI. Although the non-linear signal processing algorithms can significantly reduce the ICI caused by pilot contamination, their complexity is usually high and some a priori information, such as channel covariance matrix, is required at BS. In this paper, a location-based channel estimation algorithm is proposed. After the conventional pilot-aided channel estimation, a fast Fourier transform (FFT)-based post-processing is introduced. The proposed algorithm can efficiently distinguish the users with different angle of arrivals (AOAs). The ICI caused by pilot contamination is reduced if the users in different cells with the same pilot have non-overlapping AOAs. To cooperate with the channel estimation algorithm, a locationbased pilot assignment is also proposed to ensure the condition of non-overlapping AOAs. Our solution differs from [7] in that, instead of minimizing the mean square error of the channel estimation, our algorithm aims at separating different users by exploiting the degrees of freedom in spatial domain and the knowledge of the channel covariance matrix is not required. Moreover, coordination between BSs is not necessary, which means that the proposed scheme is more suitable for practical implementation. Simulation results show that our scheme can reduce the ICI significantly and improve the overall system performance with only slightly increase in complexity. To prevent the loss of spectral efficiency caused by the large overhead of downlink pilots, time division duplex (TDD) is applied. When analyzing the channel estimation algorithm, we assume K = 1 to simplify the analysis. This assumption is equivalent to assume that the same K orthogonal pilots are used in every cell.
The transmission is divided into three stages. In the first stage, the users from all the cells transmit the pilot signals to their corresponding BSs. The pilot sequences used by the users in the same cell are orthogonal and the same pilot group is reused by all the cells. The length of the pilot sequences is limited by the channel coherence time τ . Denote ϕ = [ϕ 1 ϕ 2 · · · ϕ τ ] as the pilot sequence with length τ , where ϕϕ H = 1. In the first stage, the received signal of the BS in the l-th cell can be written as
where Y l ∈ C M ×τ and N l ∈ C M ×τ denote the received signal matrix and the additive white Gaussian noise (AWGN) matrix, respectively, while
T is the channel coefficient vector with h l,j,i denoting the channel coefficient between the user in the j-th cell and the i-th antenna of the BS in the l-th cell. At the BS, the orthogonality of the pilot sequences is used for channel estimation. For the user in the l-th cell, we multiply Y l by ϕ H to obtain
where ε l = N l ϕ H is the equivalent noise vector at the channel estimate. Note that here we apply the simplest pilotaided channel estimation since realistically the BS has no knowledge of the channel covariance matrix. Obviously, such a conventional channel estimation alone cannot cancel the ICI caused by the non-orthogonal pilot sequences between the users in different cells, which limits the system performance.
In the second stage, the users transmit data to the BSs. The received signal of the l-th BS is written as
where s j ∈ C is the symbol transmitted by the user in the j-th cell with E{|s j | 2 } = 1, y l ∈ C M ×1 is the received vector and n l ∈ C M ×1 denotes the AWGN vector. The channel estimation h l,l obtained in the first stage is used in detection. The detected symbol for the user in the l-th cell is given as
where A l ∈ C 1×M is the detector coefficient matrix calculated based on h l,l . In this paper, we apply the zero-forcing (ZF) detection with
In the third stage, the BSs transmit data to their corresponding users. The channel reciprocity of the TDD system is utilized, implying that the downlink channel matrix is the transpose of the uplink channel matrix. Let d l be the symbol transmitted by the l-th BS to its corresponding user with E{|d l | 2 } = 1. The received signal of the user in the l-th cell is given by
where n l ∈ C denotes the channel AWGN, while W j is the precoding matrix for the user in the j-th cell and is calculated based on the channel estimation obtained in the first stage. Considering the fact that ZF-precoding is easy to implement and it approaches the optimal performance when M tends to infinity, we apply the ZF-precoding algorithm which calculates the precoding matrix according to
where β is the normalization factor and [·] * denotes the conjugate operation.
We adopt the following narrow-band multi-path channel model [7] h n,l = 1
where P is the number of the paths between the user in the l-th cell and the BS in the n-th cell, β n,l,p denotes the large-scale fading parameter of the p-th path, which includes the path-loss and the shadow fading, and θ n,l,p is the AOA of the p-th path, while the vector a(θ) ∈ C M ×1 is the steering vector with the AOA θ, where θ ∈ [0, π]. For the uniformly-spaced linear array (ULA), the steering vector a(θ) is given by [9] a(θ) =
where λ is the wavelength of the received signal and D ≤ λ/2 is the antenna spacing at BS. Note that this narrow-band channel model can be extended to the wide-band system by utilizing orthogonal frequency division multiplexing (OFDM) technique. We assume that the angular spread of AOA is small, and
, for 1 ≤ p ≤ P . As pointed out in [10] , this assuption holds when the BS is much higher than the surrounded structures with few scatters around. This scenario reflects the macro cell or micro cell environments.
III. LOCATION-BASED CHANNEL ESTIMATION
We now detail our proposed location-based channel estimation algorithm. Specifically, under the condition that the AOAs of different users do not overlap, a post-processing is introduced after the conventional pilot-aided channel estimation of Eq. (2) . By utilizing the properties of steering vector, the interference from the users with different AOAs can be reduced.
The property of steering vector is first described. By observing the steering vector a(θ) in Eq. (7), we can see that a(θ) can be regarded as a single-frequency signal with the frequency f a = D λ cos(θ). Thus when the number of the antennas at the BS goes towards infinity, the Fourier transform of a(θ) tends to a δ-function. The basic idea is to utilize this property to distinguish the users with different AOAs.
The N -points discrete Fourier transform (DFT) of the steering vector given in Eq. (7) is calculated by is the m-th element of a(θ) . By using the property of
Considering that each term in Eq. (9) has unit norm, the following expression holds
If and only if e −j2πiq k = 1 for every 0 ≤ i ≤ M −1 in (10), the norm of X(k) attains its maximal value M . This means that when q k is an integer, i.e.
denotes the integer rounding operation, and the function g N (θ) is written as 
In this way, the signals with the AOAs outside the interval
are canceled out. Besides, the effect of the noise is also reduced. With this cancellation, we have
Perform the inverse FFT (IFFT) on
] T and denote the result
The estimation of the channel coefficient vector is obtained as
It should be noted that (13) is actually the operation that places a rectangle window on F l,l to perform a filtering operation in the spatial domain. Selection of different windows can lead to different performance of channel estimation.
IV. LOCATION-BASED PILOT ASSIGNMENT
As mentioned in the previous section, the proposed locationbased estimation method requires the condition of nonoverlapping AOAs of different users. To satisfy this assumption, a location-based pilot assignment is introduced. The main idea is to make sure that the users in different cells with the same pilot sequence have different AOAs at the BS.
To simplify the analysis, a hexagonal cell is divided into S sectors. Denote Θ S is the same for all the sectors. Each sector is assigned with one pilot sequence and all the users within one sector use the same pilot. The pilot sequences assigned to different sectors are orthogonal. To serve multiple users at the same time/frequency resource, the BS selects one user from each sector, according to the assigned pilots. For multi-cell pilot assignment, we propose that two principles should be considered.
The first one is that the sectors in different cells with the same pilot sequence should have different AOAs at BSs. This principle ensures that the users with the same pilot have nonoverlapping AOAs and thus the performance of the locationbased channel estimation can be improved significantly.
The second principle is that if it is difficult to ensure the non-overlapping AOAs for the users with the same pilot, the distance between the interference sector and the BS of the cell considered should be sufficiently large. Thus if the nonoverlapping condition cannot be satisfied, the path loss should be utilized to reduce the potential ICI sufficiently.
To apply these two principles, we assume that there is a representative user located in the center of each sector. Let θ n,s,l be the AOA of the representative user in the s-th sector of the l-th cell at the n-th cell's BS, and d n,s,l be the distance between this representative user and the n-th cell's BS. To investigate the ICI of the interference cells to the n-th cell, the following metric is proposed for the pilot assignment
where t(θ) = [cos(θ) sin(θ)] T is the directional vector with unit length and γ is the path-loss exponent. Since R n,s,l defined in (15) measures not only the correlation between the two AOAs but also the distance of the interference user, it is a good metric for measuring the ICI between the s-th sectors of the l-th cell and the n-th cell. Smaller R n,s,l indicates smaller ICI.
By applying the metric R n,s,l defined in (15), the optimal pilot assignment can be obtained by exhaustively searching all the possible patterns to find the solution with the minimal value
However, the exponential complexity of exhaustive search is too high in practice, especially when the number of cells is large. Fortunately, the interference caused by the adjacent sectors is the severest and owing to the pathloss, the interference of the far-away sectors is much smaller. We assume that there is one cell that has been assigned with pilots and we consider the sectors in its adjacent cells. Under this scenario, we provide a two-step simplified method.
In the first step, the sectors in the adjacent cells are assigned by non-exhaustive search. Specifically, for a sector that has been assigned with pilot, the adjacent sectors in its nearest cell are checked by calculating their corresponding metrics R n,s,l , and the sector with the smallest R n,s,l is selected to assign with the same pilot sequence. After all the possible sectors are checked and assigned, there will be still some blank sectors located on the edges of the network that need to be assigned.
In the second step, these remaining sectors are assigned with pilots by exhaustive search and the assignment is based on the smallest ∑ s R n,s,l . The summations over n and l have been removed because in the first step, the sectors in the nearest cells are assigned and the remaining sectors will not affect their interference cells. Normally, the number of the blank sectors left in each cell is small and the complexity of the second-step exhaustive search based assignment is reduced significantly.
It should be noted that the aforementioned pilot assignment is static and needs to be performed only once. For users with high mobility, a dynamic pilot assignment is required to ensure the non-overlapping assumption, which is our future work.
V. NUMERICAL RESULTS
The simulation results are used to demonstrate the efficiency of the proposed scheme. A multi-cell multi-user MIMO scenario with L = 7 is considered and each cell is divided into S = 12 sectors, which means that at most 12 users can be served at the same time/frequency resource. The users in the center cell are the target users and the surrounded cells are regarded as the interference cells. Some basic simulation parameters are listed in table I. For the center cell, which is denoted by cell 0, the distance between all the users and the BS is larger than 400 m. As a result, the ICI is server if the conventional channel estimation (2) is applied. For the interference cells, which are denoted by cell 1 to 6, the users are randomly generated and each sector has one user. For the location-based channel estimation, the size of FFT is fixed to N = 8192. We also assume that the system works in a noise-free environment in order to focus on the effects of ICI. The two-step pilot assignment method proposed in Section IV is applied. The angle spread δ θ is 10 degrees and two distributions of angle spread are considered.
The first one is the uniform distribution in which the AOAs are uniformly distributed in Let h and h be the estimated and real channel coefficient vectors, respectively. Then the mean square error (MSE) of channel estimation is defined as MSE = 10 log 10
The MSEs of the location-based channel estimation and the conventional channel estimation shown in Fig. 1 clearly demonstrate the superior performance of the proposed scheme over the conventional one. In particular, for the case of uniformly distributed angle spread, the location-based channel estimation improves the MSE significantly. With M ≃ 100, its MSE is about −15 dB, achieving more than 10 dB gain over its conventional counterpart. Furthermore, as the number of antennas M increases, its MSE reduces significantly. However, it seems that the proposed method is not as efficient for the Gaussian distributed angle spread, and its MSE is not reduced when M increases. This is caused by the fact that the AOAs are not bounded in an interval and some useful paths are filtered out. Because most of the interference is canceled in our proposed channel estimation, this loss of MSE performance under the Gaussian distributed angle spread will not affect the overall system performance significantly, as will be shown later. The per user spectral efficiency of the uplink data transmission is investigated. To simplify analysis, we still assume that there is only one user in each cell. The uplink spectral efficiency of the user in sector s is written as
in which the uplink SIR of the user in sector s of the center cell, SIR u s , is computed by
where A s,l is the detection matrix of the s-th sector in the lth cell, and h l1,s,l2 is the channel matrix from the s-th sector of l 2 -th cell to the BS in the l 1 -th cell. The ZF detection is applied. Fig. 2 shows the uplink spectral efficiency results, where it can be seen that the uplink spectral efficiency of the proposed method is improved significantly compared with the conventional method. When M ≃ 100, the data rates of the proposed scheme are higher than 8 bps/Hz and 5 bps/Hz for the uniformly and Gaussian distributed angle spreads, respectively, while the spectral efficiency of the conventional method is lower than 3 bps/Hz.
For the downlink data transmission, the spectral efficiecy of the user in the s-th sector is computed as
in which SIR d s is the downlink SIR of the user in sector s of cell 0 and is given by
where W s,l is the precoding matrix for the user in the s-th sector of the l-th cell. Again the ZF precoding is applied. As expected, the results shown in Fig. 3 confirm that the downlink spectral efficiecy is also improved significantly by using the proposed scheme, and the gain is more than 4 bps/Hz compared with the conventional method when M = 100. Recall that the MSE of the location-based channel estimation does not reduce with the increase of M for the Gaussian distributed angle spread. However, observe from Figs. 2 and 3 that with the Gaussian distributed angle spread, the spectral efficiency increases as M increases, and the gain is significant. This is because with larger M , the resolution of different AOAs is better. Thus the users with different AOAs can be distinguished more accurately and the ICI caused by the reuse of pilots is also reduced, resulting in a better performance.
Note that compared with the conventional method, the proposed scheme still offers a low complexity since only additional FFT and IFFT operations are added. The pilot assignment can be carried out in cell planing stage, and no coordination between BSs is required during channel estimation.
VI. CONCLUSIONS
A location-based channel estimation algorithm has been proposed, which introduces an FFT-based post-processing after the conventional pilot-aided channel estimation to utilize the steering vector for mitigating the inter-cell interference. Our analysis has shown that if the users with the same pilot sequence have different AOAs at the BS, they can be distinguished using the proposed channel estimation algorithm. A location-based pilot assignment has also been proposed to ensure the condition of the non-overlapping AOAs to further improve the system performance. Simulation results have demonstrated that compared with the conventional channel estimation, our location-based scheme can improve the uplink and downlink spectral efficiency significantly with a slightly increased complexity.
